Mechanical forces associated with blood flow play an important role in regulating vascular signaling and gene expression in endothelial cells (ECs). MicroRNAs (miRNAs) are a class of noncoding RNAs that posttranscriptionally regulate the expression of genes involved in diverse cell functions, including differentiation, growth, proliferation, and apoptosis. miRNAs are known to have an important role in modulating EC biology, but their expression and functions in cells subjected to shear stress conditions are unknown. We sought to determine the miRNA expression profile in human ECs subjected to unidirectional shear stress and define the role of miR-21 in shear stress-induced changes in EC function. TLDA array and qRT-PCR analysis performed on HUVECs exposed to prolonged unidirectional shear stress (USS, 24 hrs, 15 dynes/cm 2 ) identified 13 miRNAs whose expression was significantly upregulated (p < 0.05). The miRNA with the greatest change was miR-21; it was increased 5.2-fold (p = 0.002) in USStreated versus control cells. Western analysis demonstrated that PTEN, a known target of miR-21, was downregulated in HUVECs exposed to USS or transfected with pre-miR-21. Importantly, HUVECs overexpressing miR-21 had decreased apoptosis and increased eNOS phosphorylation and nitric oxide (NO) production. These data demonstrate that shear stress forces regulate the expression of miRNAs in ECs, and that miR-21 influences endothelial biology by decreasing apoptosis and activating the NO pathway. These studies advance our understanding of the mechanisms by which shear stress forces modulate vascular homeostasis.
Introduction
Mechanical forces created by pulsatile blood pressure and flow play an essential role in modulating circulatory function and vascular homeostasis. The primary sensors of mechanical forces in the vessel wall are endothelial cells (ECs), and mechanical forces can induce dramatic changes in EC signaling and gene expression that in turn modulate cell morphology, migration, growth, proliferation, apoptosis, and the production of vasoactive substances [1] . ECs are primarily subjected to shear stress, the force that acts parallel to the luminal surface of the vessel and is a product of fluid viscosity and the velocity gradient between adjacent layers of flowing fluid. miRNAs have become a major focus of molecular biology research because they posttranscriptionally regulate the expression of genes involved in important cellular processes, including differentiation, growth, and apoptosis. Recently, the miRNA expression profiles in quiescent human ECs was described [2; 3; 4] , but relatively few studies have described the role of specific miRNAs in EC function in response to physiologic stimuli. Here, we report that unidirectional shear stress (USS) enhanced the expression of a distinct group of miRNAs, including miR-21. We found that expression of miR-21 in HUVECs had an impact on apoptosis and the PI3K/Akt/eNOS pathway. These data provide insight into the role of miRNAs in shear stress-induced changes in EC gene expression and phenotype.
Methods

Cell Culture
Human umbilical vein endothelial cells (HUVECs, Genlantis), passages 2-6, were exposed to USS by using a cone-in-plate viscometer with a 1 ° angle to create 15 dynes/cm 2 for 24 hours [5] .
HUVEC transfections were generally performed 24 hours after splitting (see online supplement). Additional treatment included LPS (Lipopolysaccharide, Sigma) or LY294002 (2-(4-Morpholinyl)-8-phenyl-4H-1-benzopyran-4-one, Biosource). LY294002 was dissolved in DMSO (dimethylsulfoxide, Sigma) and used in a 10 μM concentration. LPS was diluted in water and used in a 10 ng/μl concentration in medium containing 0.5% fetal calf serum.
TaqMan Low Density Array (TLDA)
Total RNA from USS or nonsheared HUVECs was isolated using the mirVana kit (Applied Biosystems). The Human MicroRNA v2 TLDA miRNA array was performed by the Emory Biomarker Service Center. miRNA Ct values were normalized to control RNU48 and converted into copy numbers, where the copy number = 2 (−Ct) .
microRNA qRT-PCR
Quantitative assessment of specific miRNA levels was measured using standard protocols from Applied Biosystems and Qiagen (see online supplement).
Caspase 3 activity
For assessment of caspase-3 activity, HUVECs were treated with 10 ng/ml LPS in 0.5% FBS medium for 24 hours. Caspase-3 activity was measured with the ApoAlert Caspase 3 Colorimetric Assay Kit (Clontech) according to the manufacturer's instructions (see online supplement).
Western Analysis
Western analysis was performed as previously described [6] . Antibodies against p-Akt (Ser473), total Akt, p-eNOS (Ser1177, Ser113, Thr495) and Dicer were obtained from Cell Signaling; these were used in a 1:1000 dilution. Anti-total eNOS (BD Transduction Laboratories) was diluted 1:2500. Anti-PTEN (1:500) was purchased from Abcam. Control antibodies were anti-α-actin (Sigma, 1:1000) and anti-GAPDH (Santa Cruz, 1:1000).
NO measurements
Measurement of NO was assessed by electron spin resonance (ESR) as described earlier [7] (see online supplement).
Results
USS upregulates miRNA expression
In a qRT-PCR-based screen of 384 miRNAs in HUVECs subjected to prolonged USS (24 hours, 15 dynes/cm 2 ) or static conditions, 13 miRNAs were significantly upregulated ( Figure 1A) . None of the screened miRNAs were significantly downregulated by USS (online supplement). miR-21 was the most highly upregulated; its expression was increased 5.2-fold by USS. Other upregulated miRNAs included miR-155, miR-19a, miR-34a, miR-126, miR-24, miR-27b, members of the miR-30 family, and let-7c. Several of these miRNAs have previously been shown to be highly expressed in ECs [2; 4; 8] . Importantly, USS does not alter expression of Dicer, the endonuclease responsible for processing pre-miRNA ( Figure 1B) , indicating that miRNA upregulation was not due to changes in miRNA processing by Dicer. Regulation of Dicer expression has been suggested as one mechanism by which miRNAs modulate EC gene expression [9] .
miR-21 overexpression modulates apoptosis in HUVECS
We focused on miR-21 because it was the most upregulated by USS. USS is known to attenuate EC apoptosis [10] ; we found that USS decreased caspase-3 activity 45.6% ( Figure  2A ). We hypothesized that miR-21 was involved in modulating the decrease in EC apoptosis by USS because of its role in modulating apoptosis in different adult tissues [11] . To test this hypothesis, HUVECs were transfected with miR-21 precursor (pre-miR-21), which increased miR-21 levels (online supplement). In the absence of USS, miR-21 overexpression attenuated caspase-3 activity by 25.7% (Figure 2A ).
Transfection of anti-miR-21 (antisense miRNA that reduced miR-21 levels by 65%, online supplement) into static or sheared HUVECs did not alter caspase-3 activity significantly ( Figure 2B ). miR-21 levels are relatively low in static HUVECs, so we did not expect to see an effect of anti-miR-21 transfection in these cells. In HUVECs subjected to USS, caspase-3 activity was relatively low, so we may have been unable to detect modest changes in caspase-3 activity in response to anti-miR-21 transfection. Together, the miR-21 overexpression and inhibition data suggest that miR-21 contributes to the antiapoptotic effect of USS, but miR-21 expression alone is not completely necessary for USS-induced changes in EC apoptosis.
USS and miR-21 overexpression attenuate PTEN expression
miR-21 has been shown to posttranscriptionally regulate the expression of the proapoptotic gene PTEN [12] . Recently, miR-21 was demonstrated to attenuate apoptosis of vascular smooth muscle cells by downregulation of PTEN [12] . Overexpression of miR-21 in static HUVECs reduced PTEN protein expression by 68% ( Figure 3B ). In comparison, USS decreased PTEN levels by 83% compared to controls ( Figure 3A ). Furthermore, PTEN expression was modestly increased in sheared HUVECs after anti-miR-21 transfection ( Figure 3C ). Together, these results are consistent with negative regulation of PTEN by miR-21 in HUVECs. Importantly, anti-miR-21 had no effect on PTEN expression in nonsheared ECs (data not shown), indicating that the impact of miR-21 on PTEN expression was most apparent when levels of miR-21 were increased by USS or pre-miR-21 transfection.
miR-21 overexpression enhances Akt phosphorylation, eNOS phosphorylation and NO production
PTEN is a lipid phosphatase that dephosphorylates phosphatidylinositol 3,4,5-triphosphate and thereby antagonizes PI3K and the PI3K/Akt survival pathway. The PI3K/Akt pathway is involved in decreasing apoptosis in various cells types [12] , [13] . Further, Akt activates eNOS in ECs by phosphorylation of eNOS at serine 1177, resulting in increased activity of the enzyme and enhanced NO. production. We examined the impact of miR-21 overexpression in HUVECs on Akt activation and found an increase in p-Akt (serine 473, Figure 4A ) compared to controls. miR-21 overexpression also increased phosphorylation of eNOS at serine 1177 ( Figure 4B ), an effect that was inhibited by LY 294002, a PI3K inhibitor ( Figure 4B ). Total eNOS levels were not affected by miR-21 overexpression, nor was phosphorylation of eNOS at other well-known sites (i.e. serine 633, serine 113, and threonine 495, not shown).
Interestingly, anti-miR-21 transfection had no effect on Akt phosphorylation in HUVECs ( Figure 4C ), but anti-miR-21 transfection significantly attenuated eNOS phosphorylation ( Figure 4D ). These latter findings in regard to Akt phosphorylation are likely related to the transient nature of Akt activation in response to prolonged USS. Akt phosphorylation is maximally enhanced after one hour of USS and gradually returns to baseline levels after 12 to 18 hours of shear stress [10] . Because our analysis was performed after 24 hours of USS, we would have missed an effect of anti-miR-21 on the transient increase in Akt phosphorylation. When the results of the pre-miR-21 and anti-miR-21 transfection experiments are considered together, we believe that miR-21 enhances activity of the PI3K/ Akt/eNOS pathway in ECs through suppression of PTEN, a negative regulator of the PI3K/ Akt/eNOS pathway [14] .
NO is established as an important antiapoptotic factor; mechanisms that increase NO production or enhance NO bioavailability (including USS) protect against EC apoptosis [15] . Since miR-21 overexpression decreased EC apoptosis and increased eNOS phosphorylation, we assessed whether these changes were associated with enhanced NO. bioavailability. HUVECs overexpressing miR-21 had a 3.7-fold increase in NO. production compared to cells transfected with a nonspecific pre-miRNA ( Figure 4E) . This very novel finding shows that miR-21 expression can modulate NO availability and supports our hypothesis that miR-21 expression plays a role in USS-induced changes in EC apoptosis through enhancement of the PI3K/Akt/eNOS signaling pathway.
Discussion
The main findings of this study are that USS, an important regulator of vascular homeostasis, induced expression of a distinct group of miRNAs in human ECs, and that expression of one of these miRNAs, miR-21, modulated EC apoptosis and NO. production. Our data suggest that the effects of miR-21 expression on ECs involve regulation of PTEN expression and subsequent changes in the PI3K/Akt/eNOS pathway.
In the arterial tree, regional differences in shear stress forces produce distinct effects on the EC phenotype. USS, present in the straight portions of the tree, elicits a potent antiinflammatory and atheroprotective response in ECs [1] . In this study, we focused on this atheroprotective shear stress force and found an upregulation of a distinct group of miRNAs. We hypothesized that these miRNAs may be involved in modulating the atheroprotective effects of USS, including attenuation of EC apoptosis. In contrast, oscillatory shear stress, which is the shear stress force present at branch points and curved regions of arterial tree, is known to induce a pro-inflammatory and atherosclerotic response in ECs. We did not study oscillatory shear stress here, but we suspect that this stimulus induces its own distinct miRNA expression profile. miR-21 is an important regulator of vascular smooth muscle apoptosis [12] and is known to be regulated in human cancers [11] and cardiac hypertrophy [16] . We found that overexpression of miR-21 in HUVECs attenuated apoptosis, although this effect was more modest than that observed with USS. This suggests that changes in EC expression induced by miR-21 are just one part of the mechanism responsible for USS-induced changes in EC apoptosis. This concept is supported by the minimal effect of anti-miR-21 on EC apoptosis; however, this latter finding may also be due to our inability to completely inhibit miR-21 with the anti-miRNA transfection technique. In general, miRNA levels in ECs were relatively low, so further inhibition by anti-miRNA may not have had a dramatic impact. In addition, USS upregulated a group of miRNAs, several of which have been implicated in regulation of the apoptotic pathway. Therefore, by focusing on one miRNA, we may have not appreciated the full impact of USS-induced changes in miRNA expression on EC apoptosis.
Our data indicate that one of the targets for miR-21 in ECs is PTEN. PTEN is expressed at a relatively high level in all adult tissues [17] , including ECs, and PTEN has been shown to play an important role in regulating apoptosis through antagonism of the PI3K/Akt pathway [11] . In addition, PTEN has been shown to negatively regulate eNOS phosphorylation and NO. production through antagonism of the PI3K/Akt pathway [14] . Here, we describe a novel and important link between miR-21, PTEN expression and NO production, demonstrating that simple overexpression of miR-21 suppressed PTEN expression as well as increased Akt phosphorylation, eNOS phosphorylation and NO. production in human ECs. Although we believe this link is important, we must consider that miR-21 targets other mRNAs in ECs that could also be involved in modulating EC apoptosis. PDCD4 (Programmed cell death 4) is another proapoptotic gene that is a known target of miR-21 [18] , but we were unable to observe a significant change in its expression in HUVECs after pre-miR-21 transfection (not shown). We are currently assessing other potential targets of miR-21 in human ECs.
Conclusion
We conclude that upregulation of miR-21 in response to prolonged USS contributes to the ability of USS to increase NO bioavailability and reduce EC apoptosis. In this study, we demonstrated that shear stress forces upregulated multiple miRNAs in ECs, but we showed that EC biology could be altered by overexpression of a single miRNA. It is likely that the myriad of changes in EC phenotype induced by USS involve the concerted action of multiple miRNAs, and future work will need to examine the role of other shear-regulated miRNAs in EC biology, both individually and as a group. Apoptosis in HUVECs subjected to USS, pre-, or anti-miR-21 transfection. A: caspase-3 activity in cells subjected to USS (* p=0.0001 vs static, n=4) or pre-miR-21 transfection (*p=0.017 vs control transfection, n=9). B: caspase-3 activity in cells transfected with anti-miR-21, with and without USS (n=6-10). PTEN protein expression in HUVECs after USS, pre-, or anti-miR-21 transfection. A: Western analysis and densitometry of USS versus static conditions (*p=0.0009, n=3). B: Western analysis (different parts of same blot) and densitometry of static HUVECs transfected with pre-miR-21 or control (*p=0.0159, n=5). C: Western analysis (different parts of same blot) and densitometry of cells transfected with anti-miR-21 or nonspecific anti-miRNA and sheared for 24 hours (15 dynes/cm 2 ). *p = 0.0028 (n = 7). 
